ABSTRAa. The effect of temporary, severe protein-health problem. Feeding the malnourished brings about rapid energy malnutrition in young female rats on the fetal and recovery, but the full potential for physical growth and intellecmaternal outcome of subsequent pregnancy has been inves-tual development may not be achieved even in the long term (1, tigated. Female rats were fed a low-protein diet between 3 2). It is conceivable that malnutrition causes persisting structural and 6 wk of age. During this period, growth was stunted, damage and subnormal function in individual organs, but this glucose tolerance impaired, and insulin secretory response notion has surprisingly not been fully investigated. to glucose almost absent. Upon refeeding normal diet,
rats were returned to N diet and remained on this diet until the end of the experiment. Rats fed the LP diet reduced their food intake to one third of the amount consumed by N rats (Swenne I, Crace CJ, unpublished observations). The deficiency state induced should therefore be regarded as a combined proteinenergy malnutrition rather than as a pure protein deficiency (1 3, 14) .
Pregnancy. Preliminary experiments suggested that female rats fed the LP diet between 3 and 6 wk of age were fertile at 12 wk of age and could give birth to viable offspring. Groups of 14-to 17-wk-old female N and LP rats underwent an intraperitoneal GTT before mating. The animals were weighed and injected intraperitoneally with glucose (2 g/kg body weight) without prior fasting between 0900 and 1200 h. Blood samples were obtained from the cut tip of the tail before and 30,60, and 120 rnin after the glucose injection. Serum was separated and stored frozen at -20'C until analyzed. After the GTT, the rats were mated as described above. During pregnancy, the animals had free access to tap water and N diet. The GTT was repeated on d 19 of pregnancy.
On d 20 of pregnancy, the rats were killed by cervical dislocation. The uterus was rapidly opened, the fetuses and placentas counted, the fetuses examined for externally visible malformations, and the uterine cavity searched for absorbed fetuses. All viable fetuses and their placentas were individually weighed and the average fetal and placental weight for each litter calculated. Blood samples were obtained from the cut neck vessels of one fetus from each mother. The pancreas was dissected from additional fetuses, weighed, and either fixed for histologic examination or extracted for determination of its insulin content (see below). Finally, the pancreas of the mother was dissected and fixed for histologic examination.
Analysis of insulin and glucose. To determine the total insulin content of the fetal pancreas, whole glands were finely chopped and disrupted ultrasonically in 300 pL of acid ethanol (1.5 mL of 12 M HC1/100 mL of ethanol). The disrupted glands were extracted overnight at 4°C and centrifuged, and the supernatant was stored at -20'C until analyzed.
Insulin in serum samples and pancreatic extracts was determined by RIA (1 5) using mouse insulin standard. Serum glucose was measured in a semiautomatic glucose analyzer (Glucose Analyzer 11, Beckman Instruments, Fullerton, CA) using the glucose oxidase method. Light microscopy and morphometry. Pancreatic glands for light microscopic investigation were obtained from N and LP rat mothers on d 20 of pregnancy and from their fetuses. For comparison, glands were also obtained from a separate group of virgin female 12-wk-old N and LP rats. The pancreatic glands were carefully dissected free from surrounding tissues, weighed, and fixed by immersion in Bouin's fluid. The fixed tissue was dehydrated in graded ethanol and embedded in paraffin according to a standardized protocol. Entire pancreatic glands were sectioned (see below) into 7-pm-thick sections and mounted on glass slides. Insulin was stained in deparaffinized sections according to the unlabeled peroxidase-antiperoxidase method (1 6). The primary antibody was raised in guinea pigs against bovine insulin (Miles-Yeda Ltd., Elkhart, IN). Secondary antibodies and peroxidase-antiperoxidase complexes were from Dakopatts (Hagersten, Sweden). Immunologically bound peroxidase was visualized by incubation in diaminobenzidine tetrahydrochloride (0.2 g/L; Polysciences Ltd., Warrington, PA) and hydrogen peroxide (0.00596, vol/vol). The immunostained sections were lightly counterstained with hematoxylin, dehydrated, and mounted.
The specificity of the immunostaining was tested according to Goldman ( 17) and included the application of antisera adsorbed with insulin, glucagon, somatostatin, and pancreatic polypeptide.
For estimation of pancreatic B-cell volume density, preliminary investigations indicated that six to seven sections should be measured in each gland to minimize variation due to random differences between individual sections. The sections were obtained at regular intervals throughout the pancreatic glands to avoid bias due to regional variation in islet cell composition and distribution (18) . To obtain such samples, entire glands were sectioned. In adult rat pancreas, 150 sections were discarded for every section mounted and stained. In the fetal pancreas, the sampling interval was 25 sections. This procedure yielded about six to eight sections from each adult pancreas and five to seven sections from each fetal pancreas for morphometric analysis.
Pancreatic B-cell volume density, or the volumetric fraction of B-cells in the pancreas, was measured by planimetric analysis in a MOP-videoplan image analysis system (Kontron Bildanalyse, Munich, Germany) fitted with a Leitz microscope and a color monitor. The sections were first scanned at a magnification of 32x to determine the total area of pancreatic tissue and the area of nonpancreatic tissue, mostly lymph nodes and adipose tissue. The sections were subsequently scanned at a magnification of lOOx and the area of insulin-positive cells measured.
Crude pancreatic weight was corrected for the proportion of nonpancreatic tissue in the sections. On the assumption that endocrine and exocrine tissue differ little in density (19) , the Bcell weight was calculated from the corrected pancreatic weight and the B-cell volume density. To allow comparison between animals of different sizes, B-cell weight was finally expressed per unit body weight.
Statistics. Values are given as means f SEM for the number of rats studied. Two-tailed t test for independent observations or a X 2 test was used for comparisons between N and LP rats and their offspring.
Experimental conditions. All experimental procedures as well as the treatment and housing of the animals were approved by the Animal Ethical Committee of the Medical Faculty of the University of Uppsala.
RESULTS

Maternal outcome.
Nonpregnant N rats weighed slightly more (247 * 4 g, n = 11) than LP rats (231 f 4 g, n = 11) at the first GTT ( p < 0.05). LP rats thrived during pregnancy and increased in weight as much as N rats; thus, the slight difference in maternal weight remained (weight on d 19 of pregnancy: N rats 364 f 5 g, LP rats 341 * 6 g, p < 0.01).
The prepregnancy GTT revealed no differences in glucose tolerance between N and LP rats (Fig. I) . The insulin secretory response to glucose was lower in LP rats at 30 min after the glucose injection but otherwise similar to that of N rats (Fig. 1) . These observations are similar to our previous data on glucose tolerance and insulin secretory response to glucose in adult LP rats (6) . On d 19 of pregnancy, N rats had a lower basal serum glucose concentration and after glucose injection a flatter glucose curve than before pregnancy (compare upper panels of Figs. 1 and 2). The basal serum insulin concentration and insulin secretory response to glucose of N rats were not significantly altered by pregnancy, although a tendency toward an increased peak insulin concentration at 30 rnin could be observed on gestational d 19 ( Figs. 1 and 2, lower panels) .
Compared with before pregnancy, LP rats had a lower basal serum glucose concentration on d 19 of pregnancy ( Figs. 1 and  2 ). The serum glucose concentration rose rapidly to levels similar to the prepregnancy GTT 30 min after the glucose injection and then returned to below prepregnancy levels. Compared with before pregnancy, basal serum insulin concentrations had increased in LP rats on d 19 of pregnancy. There was now a prompt insulin secretory response 30 rnin after the glucose injection and serum insulin concentrations subsequently remained twice as high as before pregnancy (Figs. 1 and 2 ). Compared with pregnant N rats, the basal serum insulin concentration was twice as high in pregnant LP rats. The peak insulin secretory response was of the same magnitude in pregnant N and LP rats, whereas for the remainder of the GTT the serum insulin concentration was more than twice as high in the LP rats (Fig. 2) . rats. Values are given as means + SEM for 1 1 rats in each group. *, p < 0.05, significant difference between N and LP rats by two-tailed t test.
The pancreatic glands of 12-wk-old virgin rats and pregnant rats on d 20 of gestation had a well-preserved exocrine and endocrine morphology. In the pancreas of virgin rats, islets of Langerhans were distinctly outlined from the surrounding exocrine parenchyma. The central parts of the islets were deeply stained for insulin and surrounded by insulin-negative endocrine cells. Pancreatic sections from N and LP rats could not with certainty be distinguished from each other by qualitative assessment only. In the pancreas of pregnant rats, the outline of the islets was irregular and diffuse. The central parts of the islets stained distinctly for insulin and individual B-cells appeared larger compared with those of virgin rats. As with virgin rats, pancreatic sections from pregnant N and LP rats could not be distinguished from each other by qualitative examination.
Of the virgin rats used for morphometric analysis of the endocrine pancreas, the LP rats were slightly lighter than the N rats ( Table 1) . The B-cell volume density of the LP rats was 80% that of the N rats, and total B-cell mass and B-cell mass per unit body weight was reduced to two thirds that of N rats. On d 20 of pregnancy, total B-cell mass of N rats did not differ from that of virgin rats. Because body weight increased considerably during pregnancy, B-cell mass per unit body weight had decreased ( p c 0.001). On the other hand, total B-cell mass of pregnant LP rats was greater than before pregnancy ( p < 0.001) and did not differ from that of pregnant N rats. B-cell mass per unit body weight did not differ between N and LP rats at the end of pregnancy.
Fetal outcome. Litter size and the proportion of viable offspring on d 20 of pregnancy were similar in N and LP rats ( Table  2 ). The proportions of absorbed fetuses or fetuses with external malformations were not increased in the pregnant LP rats. The malformations observed were two cases of sacral dysgenesis among the fetuses of N rats (N fetuses) and one case each of omphalocele and one of sacral dysgenesis among the fetuses of LP rats (LP fetuses). 4 p < 0.00 1 vs N rats.
The body weight of the LP fetuses was approximately 10% higher than that of the N fetuses, whereas no difference was observed in placental weight (Table 3) . Serum glucose concentrations were similar and there was a tendency toward higher serum insulin concentrations in LP fetuses, although this did not reach statistical significance.
The amount of insulin in the pancreas of LP fetuses was increased by approximately two thirds compared with N fetuses regardless of whether it was expressed as total content, concentration in the pancreas, or content per unit body weight.
Light microscopic examination of the pancreatic glands of N and LP fetuses showed a well-preserved pancreatic exocrine and endocrine morphology. The islets of Langerhans were composed of a core of darkly stained B cells surrounded by a fringe, often wide, of unstained endocrine cells that was poorly delineated against the surrounding parenchyma. Occasionally, insulin-positive cells could be seen in the pancreatic ducts. The pancreatic islets of the LP fetuses usually appeared larger and more numerous than those of N fetuses, but the origin of individual tissue sections could not with certainty be established by qualitative examination.
Morphometric analysis of the fetal pancreas demonstrated an increase by 40% of pancreatic B-cell volume density in LP fetuses compared with N fetuses ( Table 3 ). The total B-cell mass and the B-cell mass per unit body weight of the LP fetuses were increased by the same order of magnitude.
DISCUSSION
During pregnancy, there is a decreased disposal of glucose and other nutrients in the mother. Circulating substrate levels are kept high and an abundant supply is available to the growing fetus. However, to control metabolism and avoid the develop ment of impaired glucose tolerance or even diabetes, which would adversely affect the fetus, maternal insulin levels have to be increased (20). In normal rat pregnancy, glucose tolerance is normal or only slightly impaired but at the cost of an increased insulin secretion (21-24), which compensates for an increased peripheral resistance to the actions of insulin (22, 24, 25) . To meet this increased demand for insulin production, the sensitivity to glucose of insulin biosynthesis and secretion is increased during pregnancy (26,27). Moreover, islet cell proliferation peaks in midpregnancy (28) and total B-cell mass is increased by the end of pregnancy (28-32). The pregnant N rats of the present study maintained a normal glucose tolerance and had an enhanced insulin secretory response to glucose. They did not, however, increase B-cell mass, which is at variance with previous investigations. The reason for this discrepancy is unclear, but it should be noted that the increase of the insulin secretory response is not of the magnitude observed in other investigations (22,23).
It could be that the glycemic stimulation to increase insulin output is low during pregnancy in the rats of the studied colony compared with rats from other colonies. Moreover, the expansion of B-cell mass peaks before d 20 of pregnancy and is followed by a decrease toward term (28). With the present experimental design, a modest increase of B-cell mass during midpregnancy may be missed.
Nonpregnant LP rats have a blunted insulin secretory response to glucose (1 I), a decreased B-cell mass (7), and an increased peripheral sensitivity to insulin (33), which interact to yield a normal glucose tolerance. On d 20 of pregnancy, however, LP rats had a normal peak insulin secretory response followed by an increased prolonged response that caused a rebound of the serum glucose concentration to values lower than those of N rats. Moreover, the growth during pregnancy of the total B-cell mass of LP rats exceeds the B-cell growth of N rats. These observations would indicate an ability of the endocrine pancreas of LP rats to increase insulin output during pregnancy. However, the major observations of the present study are the increased body weight and the increased pancreatic insulin content and Bcell mass of LP fetuses, which are features commonly seen in infants of diabetic mothers (34). The small differences of glucose tolerance and insulin secretion observed in pregnant LP rats compared with pregnant N rats would thus be sufficient to increase maternal substrate availability and transfer to the fetus, which in turn stimulate fetal B cells and the development of macrosomia. Another characteristic of diabetic pregnancy, the increased incidence of fetal dysmorphogenesis, was not found in the present study, inasmuch as the rates of resorptions and malformations were not increased in the offspring of LP rats. The period of susceptibility to malformations, however, occurs early in pregnancy (35-37), and maternal metabolism may not have been disturbed at this point of development. Alternatively, the severe forms of fetal maldevelopment resulting in resorptions and malformations may require a grave maternal metabolic derangement that was not present in the pregnant LP rats of this study (38).
It has long been a question of controversy as to whether the hyperinsulinism and macrosomia of the infants of diabetic mothers can be reproduced in the rat. It would appear that severe diabetes, with considerable hyperglycemia and wasting of the mother, causes fetal growth retardation (39-45) and poor development of the endocrine pancreas (46-49). On the other hand, the mild disturbance of glucose tolerance observed in this study or even mild experimental diabetes during pregnancy results in large offspring and enhanced development of the fetal pancreatic B cell (50-54). A possible dividing line between "severen and "mild" diabetes in this context could be the function of maternal B cells. In severe diabetes, residual maternal B-cell mass is small and does not expand during pregnancy (31). In experimental diabetes with a less disturbed glucose metabolism, B-cell mass is larger and retains the capacity to grow during pregnancy (55). This ability, presently observed in LP rats, would help limit further decompensation of metabolism during pregnancy and thereby restrict adverse effects on the fetus.
The present investigation demonstrates that previously malnourished rats with a decreased capacity for insulin production cannot maintain normal glucose metabolism during pregnancy. Although the metabolic derangements appear mild, they are sufficient to influence fetal growth and fetal endocrine pancreatic development. Persisting adverse effects of protein-energy malnutrition are thus not limited to the malnourished but can also affect subsequent generations. The glucose metabolism of adult offspring of LP rats therefore remains to be investigated. In this context, it is interesting to note that a perturbed intrauterine environment can influence B-cell function and peripheral sensitivity to the actions of insulin not only in the short term. It can also confer a lifelong predisposition for an impaired glucose tolerance and even diabetes mellitus (56-62).
